A 70% methanol extract of UV-irradiated rice leaves (400 g) was separated by chromatographic methods to give UV-induced compound 1 (2.1 mg) which showed a possible molecular ion at m=z 300 in the GC/MS analysis. Its structure was determined by NMR and MS methods. The 1 H-and 13 C-NMR spectra of 1 were identical to those of 10-oxodepressin (2), a casbane-type diterpene derived from the soft coral, Sinularia depressa. The specific rotation of 1 was positive, whereas that of 2 was negative. We therefore established 1 as ent-10-oxodepressin. The accumulation of 1 was also induced by an inoculation of the rice blast fungus. Compound 1 inhibited spore germination (IC 50 30 ppm) and germ tube growth (IC 50 10 ppm) of the rice blast fungus. We thus concluded that 1 was a novel rice phytoalexin.
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Phytoalexins are low-molecular-weight antimicrobial compounds which accumulate in plants invaded by pathogenic microorganisms.
1) The accumulation of phytoalexins has been recognized as one of the mechanisms for the induced resistance of higher plants against pathogens. Rice (Oryza sativa) is known to produce 15 phytoalexins, including 14 diterpenes and the flavanone, sakuranetin.
2) The diterpene phytoalexins are classified into four groups according to their structures; momilactones A and B, 3) oryzalexins A-F, [4] [5] [6] [7] [8] oryzalexin S, 9) and phytocassanes A-E. 10, 11) The importance of those phytoalexins for resistance against the rice blast fungus, Magnaporthe oryzae, has been suggested in several studies. 2, [12] [13] [14] We have recently shown that diterpene phytoalexins accumulated more quickly and to a greater extent in resistant rice than in susceptible rice, inducing severe restriction to fungal growth. 15) Moreover, the structural diversity of rice phytoalexins has been drawing attention as a model system for the biosynthesis of plant secondary metabolites. [16] [17] [18] UV irradiation has been used to induce the accumulation of rice phytoalexins because of its ease and convenience. 2, [7] [8] [9] 19) We have been searching unidentified UV-induced substances as candidates for novel phytoalexins or the biosynthetic intermediates of phytoalexins. We report here the identification of the novel casbane-type diterpene phytoalexin, ent-10-oxodepressin (1, Fig. 1 ) from UV-irradiated rice leaves.
Materials and Methods

General analytical methods.
1 H-NMR (400 MHz), 13 C-NMR (100 MHz) and 2D-NMR spectra were measured with TMS as an internal standard by an AVANCE III FT-NMR spectrometer (Bruker BioSpin) equipped with a 5-mm BBFO probe. The IR spectrum was measured as a KBr disk by an FT/IR-4100 spectrometer (Jasco), and the UV spectrum was measured in MeOH by a V-550 spectrometer (Jasco). The specific rotation was measured in CHCl 3 by a P-2100 polarimeter equipped with a halogen lamp and a 589-nm filter (Jasco). The mass spectrum was measured by a JMS-BU25 (GCmate II) mass spectrometer (Jeol) in the direct inlet EI mode (70 eV). GC/MS was performed by a JMS-BU25 mass spectrometer coupled with an HP6890 gas chromatograph (Agilent Technologies) under the following conditions: column, J&W Scientific HP-5 (0:32 mm i.d. Â 30 m, 0.25 mm film thickness; Agilent Technologies); injection port temperature, 280 C; carrier gas, He; flow rate, 1.0 mL min À1 ; temperature program of column oven, 70 C for 1 min before heating to 300 C at 10 C min À1 , and then maintained at 300 C for 3 min; ionization mode, EI (70 eV); ion chamber temperature, 200 C; scan range, m=z 61-627; scan rate, 1 scan s À1 .
Chemicals. Momilactones A and B were purified from rice husks according to the method reported by Kato et al. 20) with some modifications. Sakuranetin was chemically synthesized from naringenin (Aldrich) according to the method reported by Aida et al.
21)
Oryzalexins A and S were purified from UV-irradiated rice leaves according to the methods previously described. 9, 19) Plant material. Rice plants (Oryza sativa cv. Koshihikari) were cultured in a phytotron (27 C) for 1-3 months, and these leaves were detached for use in the subsequent experiments. Fungal material. The rice blast fungus (Magnaporthe oryzae strain P-2) had been maintained on potato dextrose agar (Nissui Pharmaceutical) as a stock culture in our laboratory. A spore suspension of the fungus was prepared by the method previously described. 22) UV irradiation of the rice leaves. The detached rice leaves were UV-irradiated for 20 min with a germicidal lamp (15 W) at a distance of 20 cm. 19) The irradiated leaves were incubated at 26 C in a moist box at high humidity under lighting. The leaves for the purification of 1 were incubated for 3 d, while the leaves for the quantification of 1 and phytoalexins were incubated for 0, 1, 2, 3, 4, and 5 d. The UVirradiated leaves were stored at À20 C before being used.
Purification of ent-10-oxodepressin (1) from the UV-irradiated rice leaves. The UV-irradiated rice leaves (400 g) were cut and homogenized in 70% (v/v) MeOH (6 L) with a Physcotron ultra-homogenizer (Microtec). The homogenate was shaken overnight with a shaker and then filtered to obtain an extract. The leaves were re-extracted with 70% MeOH (4 L) in the same manner. The combined extract was concentrated in vacuo to remove MeOH. The resulting aqueous concentrate was extracted with EtOAc (1 L Â 4), and the organic layer was evaporated to dryness in vacuo. The EtOAc extract was subjected to silica gel column chromatography (Kanto Chemical silica gel 60N, spherical neutral, 63-210 mm particle size; 60 g) eluting with a stepwise gradient of n-hexane/EtOAc (95:5, 80:20, 60:40, 40:60, 20:80, and 0:100; 300 mL of each). Each fraction was analyzed by GC/ MS to detect the UV-induced substances. A compound (1) exhibiting a plausible molecular ion at m=z 300 was detected in the fraction eluted with 60:40 n-hexane/EtOAc. Its MS and t R did not correspond to those of known phytoalexins. The fractions containing 1 were determined by a GC/MS analysis during the subsequent procedure. The fraction eluted with 60:40 n-hexane/EtOAc was applied to preparative TLC (Merck silica gel 60F 254 PLC plate, 20 Â 20 cm, 0.5 mm thickness) developed with 3:1 benzene/EtOAc. An R f 0.69-0.80 TLC region, which contained 1, was scraped off and extracted with EtOAc. The EtOAc extract was evaporated in vacuo to dryness to give a TLCpurified fraction (53.4 mg). The subsequent purification was performed by preparative ODS-HPLC, using a Jasco PU-980 HPLC pump and a Jasco MD-910 photodiode array detector. A 50-mL amount of a 5% (w/v) MeOH solution of the TLC-purified fraction was repeatedly separated by ODS-HPLC under the following conditions: column, Inertsil ODS-3 (1 cm i.d. Â 25 cm, 5-mm particle size; GL Science); solvent, MeOH/H 2 O (3:1, v/v); flow rate, 2.0 mL min À1 ; detection, UV 210-350 nm. A peak containing 1 (t R 42-44 min) was collected and evaporated to dryness in vacuo to afford crude 1 (2.7 mg). A 50-mL amount of a 1% (w/v) MeOH solution of crude 1 was repeatedly separated by ODS-HPLC under the following conditions: column, Inertsil ODS-3 (1 cm i.d. Â 25 cm, 5-mm particle size; GL Science); solvent, MeCN/H 2 O (1:1, v/v); flow rate, 2.0 mL min À1 ; detection, UV 210-350 nm. A peak containing 1 (t R 95-100 min) was collected and evaporated to dryness in vacuo to afford purified 1 (2.1 mg). Compound 1 was identified as ent-10-oxodepressin by spectroscopic methods as described in the Results section. Assay of the antifungal activity against the rice blast fungus. The germination rate and germ tube length of M. oryzae were measured under a microscope, after the spore suspension had been incubated at 26 C for 16 h. The inhibitory activity against spore germination was determined according to the previously reported method. 23) In order to measure the germ tube length, spores were observed and their images were recorded as digital data by using a BZ-8100 microscope (Keyence). The germ tube lengths of the germinated spores were measured by using ImageJ software (http://rsbweb.nih.gov/ij/). LC/MS/MS analysis of ent-10-oxodepressin (1) and phytoalexins. The LC/MS/MS analysis was performed with an AB SCIEX 3200 QTRAP LC/MS/MS system coupled with a Shimadzu Prominence UFLC system. Liquid chromatographic separation of the analytes was achieved in a Shim-pack XR-ODS column (2:0 mm i.d. Â 30 mm, 2.2-mm particle size; Shimadzu) with a binary gradient of 0.1% (v/v) aqueous formic acid (solvent A) and MeOH containing 0.1% (v/v) formic acid (solvent B) at a flow rate of 0.2 mL min À1 and 40 C. The graded solvent was programmed as follows: initial, 20% B; 0-5 min, a linear gradient from 20% B to 100% B; 5-9 min, isocratic elution by 100% B. The equilibration time between two runs was 2 min. The parameters of the mass spectrometer were optimized for detecting 1 and the phytoalexins by using Analyst 1.5.1 software (AB SCIEX) for selective reaction monitoring (SRM). The ion source (Turbo V) was operated in the positive ESI mode. The source parameters were set as follows: curtain gas, 10 psi; temperature, 400 C; spray gas (GS1), 30 psi; dry gas, (GS2) 30 psi; ion spray voltage, 5500 V. The following SRM transitions (t R ) were monitored: 1, m=z 301!177 (6.5 min); momilactone A, m=z 315!271 (6.3 min); sakuranetin, m=z 287!167 (5.8 min); oryzalexin A, m=z 303!145 (6.5 min); oryzalexin S, m=z 287!105 (6.8 min). The optimized parameters of the mass spectrometer for each compound were as follows: 1, 15 V collision energy (CE), 4 V collision cell exit potential (CXP), 41 V declustering potential (DP); momilactone A, 17 V CE, 6 V CXP, 41 V DP; sakuranetin, 31 V CE, 4 V CXP, 41 V DP; oryzalexin A, 21 V CE, 4 V CXP, 46 V DP; oryzalexin S, 43 V CE, 4 V CXP, 46 V DP. Calibration curves were obtained from the SRM peak areas of the standards for 1 and phytoalexins in a concentration range of 1-1,000 ng mL À1 . The concentrations of the analytes were calculated from the SRM peak area of each analyte based on the calibration curves.
Quantification of ent-10-oxodepressin (1) and the phytoalexins from UV-irradiated rice leaves. UV-irradiated rice leaves (ca. 0.3 g) were cut and homogenized in MeOH (10 mL) with a mortar and pestle. The homogenate was filtered through a cotton-plugged funnel. The residue was re-extracted with MeOH (5 mL) and then filtered. The volume of the combined extract was adjusted to 20 mL with MeOH, and distilled water (5 mL) was then added to the extract. The extract was passed through a Bond Elut C18 cartridge (500 mg/3 mL; Agilent Technologies). A 2-mL amount of the solution was subjected to the aforementioned LC/MS/MS analysis to quantify 1 and the phytoalexins.
Quantification of ent-10-oxodepressin (1) and the phytoalexins from M. oryzae-inoculated rice leaves. A spore suspension of M. oryzae (4 Â 10 5 spores mL À1 ) was applied to press-injured spots of 1 mm in diameter on the rice leaves. The leaves were maintained in a highly humidified box and incubated at 26 C in the light. Leaf tissues around the injured spots were excised with a cork borer (4 mm in diameter). Approximately 25 pieces of the excised leaf tissues (ca. 10 mg) were collected and homogenized in MeOH (3 mL) with a mortar and pestle. The homogenate was filtered through a cotton-plugged funnel. The residue was re-extracted with MeOH (1 mL) and filtered. The volume of the combined filtrate was adjusted to 5 mL with MeOH, and distilled water (1.25 mL) was added to the extract. The extract was then passed through a Bond Elut C18 cartridge. A 2-mL amount of the solution was subjected to the aforementioned LC/MS/MS analysis to quantify 1 and the phytoalexins.
Results
Purification and structural elucidation of ent-10-oxodepressin (1) from UV-irradiated rice leaves
We found a UV-induced compound (1) in the silica gel column chromatography-purified fraction from UVirradiated rice leaves by a GC/MS analysis. Compound 1 was detected at t R 18.3 min. Its mass spectrum showed a plausible molecular ion at m=z 300. Compound 1 was not detected in healthy rice leaves which had not been UV-irradiated (data not shown). Its t R and mass spectrum did not correspond to those of known phytoalexins or their biosynthetic precursors, authentic samples of which we compared with (data not shown). We therefore attempted to isolate 1 to determine its structure. Compound 1 (2.1 mg, a colorless oil) was successfully purified from UV-irradiated rice leaves (400 g) by chromatographic methods.
The high-resolution mass spectrum of 1 gave a molecular weight of 300.2089, agreeing with the molecular formula C 20 H 28 O 2 (calcd. as 300.2087) and seven degrees of unsaturation. The numbers of carbons and hydrogens agreed with the 1 H-and 13 C-NMR data ( Table 1) . The DEPT and HSQC data revealed that all hydrogens were directly connected to carbons.
13 C-NMR and IR data indicated that two oxygens belonged to two carbonyl groups.
13 C-NMR and DEPT data indicated the presence of three olefinic methines and three olefinic quaternary carbons, suggesting that 1 had three C-C double bonds. Seven degrees of unsaturation and the presence of three C-C double bonds and two carbonyl groups indicated that 1 had two rings. COSY, TOCSY, and HSQC correlations suggested C-13/C-14/ C-1/C-2/C-3 and C-6/C-7 connectivity. The typical chemical shifts of two methine protons at H 0.68 (H-1) and 1.29 (H-2) suggested the presence of a cyclopropane ring. HMBC correlations indicated that the cyclopropane ring included a quaternary carbon (C-15) which had two geminal methyls (C-16 and C-17). The HMBC and long-range COSY correlations were used to connect those fragment structures and the remaining fractions such as two carbonyls (C-5 and C-10), three olefinic quaternary carbons (C-4, C-8, and C-12), a methylene (C-9), an olefinic methine (C-11), and three methyls (C-18, C-19, and C-20). The deduced structure showed a casbane-type diterpene skeleton which had a 14-membered ring fused with a cyclopropane ring (Fig. 2) .
Based on this structure, we surveyed the literature reporting casbane-type diterpenes, and found one casbane-type compound identical to the deduced structure. This compound, 10-oxodepressin (2, Fig. 1 ), had been reported as a Dess-Martin oxidation product of the casbane-type diterpene, 10-hydroxydepressin, which had been isolated from the Hainan soft coral, Sinularia depressa.
24) The 1 H-and 13 C-NMR spectra of 1 and 2 are similar, although the solvents used for the NMR analysis were different. We therefore redissolved 1 in CDCl 3 , which was used in the literature, and subjected it to an NMR analysis. The obtained 1 H-and 13 C-NMR spectra were identical to those of 2 in the reference (data not shown). 24) The sign for the specific rotation of 1 was positive (þ124.2), whereas that for 2 was negative (À76) according to the reference.
24) The structure of 1 was therefore determined as ent-10-oxodepressin (Fig. 1) .
Accumulation of ent-10-oxodepressin (1) in UVirradiated and M. oryzae-inoculated rice leaves
We established the quantification method for 1 by using LC/MS/MS. The extract of the leaves was subjected to an LC/MS/MS analysis, and 1 could be detected in the SRM mode by using positive ESI. The change in the accumulated level of 1 after UV irradiation was analyzed by this method (Fig. 3A ). An increase of the level of 1 was clearly detected after 48 h, the level of 1 reaching a maximum 72-96 h after UV irradiation. The leaves which had not been UV-irradiated did not clearly accumulate 1. The accumulation of 1 in M. oryzae-inoculated leaves was also quantified by LC/MS/MS (Fig. 3B ). The increase in the level of 1 was clearly detected after 72 h, and the level of 1 continued to increase to 120 h after inoculation. The mock-inoculated leaves did not clearly accumulate 1.
The contents of 1 and phytoalexins in the UVirradiated and M. oryzae-inoculated leaves are summarized in Table 2 . Momilactone A and sakuranetin accumulated at the highest level in the UV-irradiated leaves. The level of 1 in the UV-irradiated leaves was lower than of momilactone A and sakuranetin, but higher than of oryzalexins A and S. Sakuranetin accumulated at the highest level in the M. oryzaeinoculated leaves. The accumulation of 1 in the M. oryzae-inoculate leaves was at the lowest level among the quantified compounds, and at almost the same level as oryzalexin A. Antifungal activity of ent-10-oxodepressin (1) The antifungal activity of 1 against M. oryzae was determined by spore germination and a germ tube growth assay (Fig. 4) . The respective IC 50 values were calculated as ca. 30 ppm (100 mM) and ca. 10 ppm (33 mM) for germination and germ tube growth. This inhibitory activity against spore germination was stronger than that of momilactone A (IC 50 540 mM), 25) but weaker than that of sakuranetin (IC 50 52 mM).
2) These results support the proposal of 1 being a novel rice phytoalexin.
Discussion
UV irradiation is a useful method to accumulate phytoalexins in rice for their identification. 2, [7] [8] [9] 19) We have identified in this study the novel casbane-type diterpenoid, ent-10-oxodepressin (1), from the UVirradiated rice leaves. Compound 1 was induced by both UV irradiation and M. oryzae infection, and showed strong inhibitory activity against the spore germination and germ tube growth of M. oryzae. We thus concluded 1 to be a novel rice phytoalexin. All other known rice diterpene phytoalexins belong to the labdane-related diterpenoid super-family, 26) whose basal hydrocarbon skeletons are biosynthesized from geranylgeranyl diphosphate via two-step enzymatic cyclization. 17, 18) However, casbene, a hydrocarbon of the casbane-type diterpene, has been reported to be biosynthesized via single-step cyclization catalyzed by casbene synthase. The biological origin of known casbane-type diterpenes has been very limited. The first-reported casbanetype diterpene, casbene, was identified as a conversion product from mevalonic acid, a common precursor of terpenoids, by cell-free extraction of castor bean seedlings (Ricinus communis; Euphorbiaceae). 28) Since then, casbane-type diterpenes have been isolated from Euphorbiaceae plants [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] and soft corals of the genus Sinularia. 24, 46) To our knowledge, this is the first report of a casbane-type diterpene originating from an organism other than a Euphorbiaceae plant or Sinularia soft coral. Casbene has been recognized as a phytoalexin of the castor bean, because it showed antifungal activity and its biosynthetic activity was induced by fungal infection. 47) Other casbane-type diterpenoids have been reported to have cytotoxicity against animal cells 24, 31, 32, 36, 37, 40, 43, 46) and antimicrobial activity. 24, 36, 42, 45) Rice phytoalexins are known to have extraordinary structural diversity. 16) Our finding of ent-10-oxodepressin (1) revealed the further structural diversity of rice phytoalexins. We had already found that the rice diterpene phytoalexin, momilactone A, was detoxified by M. oryzae. 15, 25) In respect of pathogens, detoxifying phytoalexins is an effective solution to evade the growth inhibition caused by them. 48) We speculate that the rich structural diversity of rice phytoalexins may be a powerful competitive strategy to overcome the microbial detoxification of phytoalexins.
In addition to phytoalexins, rice plants have been reported to produce various self-defensive substances against pathogenic microorganisms. Oryzalides are recognized as kaurane-type diterpene phytoanticipins to inhibit the growth of Xanthomonas oryzae. 49) Oxygenated fatty acids have been reported as antifungal substances against M. oryzae, 50) and serotonin has been reported to be involved in the defense response against Bipolaris oryzae. 51) We have found that such volatile organic compounds as sesquiterpenes and monoterpenes were emitted from M. oryzae-inoculated rice leaves, although their role in disease resistance is still unclear. 22) Concerning other plants, it has recently been reported that maize could produce novel diterpene and sesquiterpene phytoalexins to protect itself from fungal pathogens, 52, 53) although benzoxazinoid phytoanticipins have only been recognized as secondary metabolites that were involved in the resistance of maize against fungal pathogens and herbivores. 54) We speculate that this diversity of plant antimicrobial secondary metabolites, including the novel rice casbane-type phytoalexin described here, may have resulted from the competitive evolution of plants against pathogens.
